Umar S, Nadadur R, Iorga A, Amjedi M, Matori H, Eghbali M. Cardiac structural and hemodynamic changes associated with physiological heart hypertrophy of pregnancy are reversed postpartum. J Appl Physiol 113: 1253-1259. First published August 23, 2012 doi:10.1152/japplphysiol.00549.2012.-Pregnancy is associated with ventricular hypertrophy and volume overload. Here we investigated whether late pregnancy is associated with cardiac structural and hemodynamic changes, and if these changes are reversed postpartum. Female mice (C57BL/6) were used in nonpregnant diestrus (NP), late-pregnant (LP), or 7-day postpartum (PP7) stages. Echocardiography and cardiac catheterization were performed to monitor cardiac hemodynamics. Transcript expression of proangiogenic vascular endothelial growth factor, cardiac fetal gene osteopontin, cardiac extracellular matrix-degrading enzymes matrix metalloproteinase-2, and a disintegrin and metalloproteinase-15 and -17 were assessed by RT-PCR. Masson trichrome staining for cardiac fibrosis and endothelial marker CD31 immunostaining for angiogenesis were performed. Heart hypertrophy in LP was fully reversed in PP7 (heart weight: NP ϭ 114 Ϯ 4 mg; LP ϭ 147 Ϯ 2 mg; PP7 ϭ 117 Ϯ 8 mg, P Ͻ 0.05 for LP vs. PP7). LP had elevated left ventricular (LV) pressure (119 Ϯ 5 mmHg in LP vs. 92 Ϯ 7 mmHg in NP, P Ͻ 0.05) that was restored at PP7 (95 Ϯ 8 mmHg, P Ͻ 0.001 vs. LP). LP had increased LV contractility (maximal rate of increase of LV pressure ϭ 6,664 Ϯ 297 mmHg/s in LP vs. 4,294 Ϯ 568 mmHg/s in NP, P Ͻ 0.01) that was restored at PP7 (5,313 Ϯ 636 mmHg/s, P Ͻ 0.05 vs. LP). LV ejection fraction was reduced in LP (LP ϭ 58 Ϯ 1% vs. NP ϭ 70 Ϯ 4%, P Ͻ 0.001) and was already restored at PP1 (77 Ϯ 2%, P Ͻ 0.001 vs. LP). Myocardial angiogenesis was significantly increased in LP (capillary density ϭ 1.25 Ϯ 0.02 vs. 0.95 Ϯ 0.01 capillaries/myocyte in NP, P Ͻ 0.001) and was fully restored in PP7 (0.98 Ϯ 0.01, P Ͻ 0.001 vs. LP). Vascular endothelial growth factor was upregulated in LP (LP ϭ 1.4 Ϯ 0.1 vs. NP ϭ 1 Ϯ 0.1, normalized to NP, P Ͻ 0.001) and was restored in PP7 (PP7 ϭ 0.83 Ϯ 0.1, P Ͻ 0.001 vs. LP). There was no increase in cardiac fibrosis in LP. Matrix metalloproteinase-2 transcript levels were downregulated in LP (LP ϭ 0.47 Ϯ 0.03 vs. NP ϭ 1 Ϯ 0.01, normalized to NP, P Ͻ 0.001) and was restored at PP7 (0.70 Ϯ 0.1, P Ͻ 0.001 vs. LP). In conclusion, pregnancy-induced heart hypertrophy is associated with transient cardiac dysfunction, increased cardiac angiogenesis, lack of fibrosis, and decreased expression of remodeling enzymes that are reversed postpartum. pregnancy; hypertrophy; angiogenesis; fibrosis IN SOME PHYSIOLOGICAL CONDITIONS, such as exercise and pregnancy, the heart undergoes hypertrophy as an adaptive response, which is potentially reversible and is without significant long-term detrimental effects on cardiac function. During pregnancy, healthy women develop ventricular hypertrophy and cardiac dysfunction as a result of transient volume overload, as well as increased stretch and force demand (8, 9).
IN SOME PHYSIOLOGICAL CONDITIONS, such as exercise and pregnancy, the heart undergoes hypertrophy as an adaptive response, which is potentially reversible and is without significant long-term detrimental effects on cardiac function. During pregnancy, healthy women develop ventricular hypertrophy and cardiac dysfunction as a result of transient volume overload, as well as increased stretch and force demand (8, 9) .
It has already been shown that the molecular and functional signature of physiological heart hypertrophy during pregnancy differs from that of pathological hypertrophy (9) . The precise underlying molecular mechanisms of pregnancy-induced hypertrophy are still not clearly understood. Systolic function is preserved throughout most of pregnancy through a fall in afterload, but decreases near term as a result of decreased contractility and diminished preload (7) .
In general, physiological hypertrophic conditions in the heart are associated with either normal or increased myocardial angiogenesis (12) . Physiological hypertrophy during pregnancy also requires the proportional growth of the capillary network (11) . This increase in cardiac angiogenesis should help to meet the demands for increased blood volume and myocardial hypertrophy during pregnancy.
In pathological heart hypertrophy, the involvement of cardiac extracellular matrix (ECM) in the progression to decompensated heart failure is well established. Fibrosis, metalloproteinase upregulation, and reactivation of matricellular fetal genes are key steps in the progression of adverse cardiac ECM remodeling (2, 4) . However, little is known about the involvement of the cardiac ECM in pregnancy-induced heart hypertrophy.
Our laboratory has previously characterized some of the molecular and functional signature of pregnancy-induced physiological heart hypertrophy (8) . Here we investigated whether there were structural and hemodynamic changes associated with pregnancy-induced heart hypertrophy and if these changes were reversed postpartum. We also explored the involvement of the cardiac ECM in pregnancy-induced hypertrophy by studying myocardial fibrosis, expression of metalloproteinases, matrix metalloproteinase (MMP)-2, a disintegrin and metalloproteinase (ADAM)-15, and ADAM-17, and matricellular fetal gene osteopontin (OPN). These ECM enzymes are well established for increased activity during pathological heart failure (10, 18, 31) . We found that heart hypertrophy in late pregnancy was associated with mild cardiac hemodynamic dysfunction without fibrosis. Pregnancy was also associated with increased angiogenesis. Interestingly, ECM protein OPN was unchanged and matrix-degrading enzymes MMP-2, ADAM-15, and AD-AM-17 were downregulated in the hearts from the late pregnant mice. These structural and hemodynamic changes were reversed by day 7 postpartum.
METHODS

Animals.
Young adult female (3-4 mo) mice (C57BL/6) were used in nonpregnant diestrus stage (NP, n ϭ 10), late pregnant (LP, day 19 -20 of pregnancy, n ϭ 10), or 7 days postpartum (PP7, n ϭ 8). Protocols received institutional review and committee approval. The investigation conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996) .
Cardiac hemodynamics. Echocardiography and cardiac catheterization were performed to monitor cardiac hemodynamics. Mice were anesthetized with inhaled isoflurane (2% for induction and 1.5% for maintenance) for echocardiography. B-mode and M-mode echocardiography were performed (VisualSonics Vevo 770, 30-MHz linear transducer). M-mode echocardiography was used to measure left ventricular (LV) ejection fraction (LVEF). The LV pressure was also measured directly by inserting a catheter (1.4F Millar SPR-671) connected to a pressure transducer (Power Laboratories, ADInstruments) into the LV right before death. For cardiac catheterization, the mice were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (8 mg/kg) intraperitoneally. The animals were placed on a controlled warming pad to keep the body temperature constant at 37°C. After a tracheotomy was performed, a cannula was inserted, and the animals were mechanically ventilated. After a midsternal thoracotomy, mice were placed under a stereomicroscope (Zeiss, Hamburg, Germany), and a pressure-conductance catheter was introduced via the apex into the LV. The catheter was connected to a signal processor (ADInstruments) and LV pressures, maximal rate of increase of LV pressure (dP/dt max), and decline of LV pressure (dP/dtmin) were recorded digitally. After the pressures were recorded, hearts were removed rapidly under deep anesthesia for preservation of protein integrity.
Gross histological evaluation and hypertrophy measurements. The hearts were dissected and weighed to determine heart hypertrophy. The body weight (BW; g) of the mice was recorded. The weight ratio of the heart to BW was also calculated and compared between the groups.
Real-time PCR. Total RNA from heart was isolated using Trizol (Invitrogen) and reverse transcribed with gene-specific primers using Omniscript RT kit (Qiagen). GAPDH was used as internal reference gene.
Primers. The sequences of the primers are as follows: OPN forward primer 5=-CAACGGCCGAGGTGA-3=; OPN reverse primer 5=-ATG-GCTGCCCTTTCCGTTGTT-3=; ADAM-15 forward primer 5=-CCCTATGTCCTCTTTGTGTGGA-3=; ADAM-15 reverse primer 5=-GCAGAACTCAGGCAGATCACAA-3=; ADAM-17 forward primer 5=-GCGTTGACACTGACAACTCGT-3=; ADAM-17 reverse primer 5=-CAGCTGGTCAATGAAATCCCAAA-3=; vascular endothelial growth factor (VEGF)a forward primer 5=-ACACGGTGGTGGAA-GAAGAG-3=; VEGFa reverse primer 5=-CAAGTCTCCTGGGGA-CAGAA-3=; MMP-2 forward primer 5=-CCCCATGAAGCCTTGTT-TACCA-3=; MMP-2 reverse primer 5=-TGGAAGCGGAACGGG-AACTTG-3=; GAPDH forward primer 5=-CCTGCACCACCAAC-TGCTTAG-3=; GAPDH reverse primer 5=-ATGACCTTGCCCA-CAGCCTTG-3=.
Single peak was detected from the first derivative of fluorescence vs. temperature plots (melting curve), indicating amplification of a single product. Agarose gel electrophoresis at the end of the reaction also confirmed the amplification of a single product of the expected size. Controls were as follows: 1) reaction cocktail without reverse transcriptase tested in a regular 40 cycle PCR; and 2) H2O instead of cDNA tested in parallel to real-time PCR.
Histochemistry and imaging for fibrosis. Whole hearts were fixed in 4% paraformaldehyde in 0.1 M Na2HPO4 and 23 mM NaHPO4 (pH 7.4) for 4 h on ice. The tissue was then immersed in ice-cold 20% sucrose in 0.1 M Na2HPO4 and 23 mM NaHPO4 (pH 7.4) overnight to cryoprotect the tissue and mounted using OCT, and transversal 6-to 7-m sections were obtained with a cryostat. Tissue sections were stained with Masson trichrome staining. Briefly, the slides were deparaffinized and rinsed in deionized water and mordant in preheated Bouin's solution at 56°C for 15 min. Slides were allowed to cool in tap water and washed in running tap water to remove the yellow color from sections. Sections were stained in working Weigert's iron hematoxylin solution for 5 min and washed in running tap water for 5 min. After being rinsed in deionized water, sections were stained in Biebrich scarlet-acid fucshin for 5 min, followed by another rinse in deionized water. Slides were placed in working phosphotungstic/ phosphomolybdic acid solution for 5 min and then placed in aniline blue solution for 5 min. Then slides were placed in 1% acetic acid for 2 min, rinsed, dehydrated through alcohol, cleared in xylene, and mounted. The images were acquired using light microscopes (Axiovert 135, Zeiss, and Nikon Eclipse E 400).
Immunofluorescence staining. Heart cross sections (6 -7 m) were fixed in acetone for 15 min at Ϫ20°C. The sections were then washed with PBS ϩ 0.1% Triton three times and incubated with 10% normal goat serum in PBS ϩ 0.1% Triton for 30 min to block the background. The sections were then incubated with primary antibody in PBS ϩ 0.1% Triton ϩ 1% normal goat serum at 4°C overnight. The sections were then washed with PBS ϩ 0.1% Triton three times and incubated with the appropriate secondary antibody in PBS ϩ 0.1% Triton ϩ 1% normal goat serum at room temperature for 1 h. After the secondary antibodies were washed with PBS ϩ 0.1% Triton three times, the sections were incubated with wheat germ agglutinin (WGA, 1:200 dilution) in PBS ϩ 0.1% Triton ϩ 1% normal goat serum for 1 h at room temperature. The sections were then washed with PBS three times and mounted using Prolong gold (Molecular Probes) for imaging. The images were acquired using a high-resolution laser scanning confocal microscope (Olympus).
Heart capillary density quantification. Capillary density in heart sections was quantified as the number of capillaries per cardiomyocytes using CD31 (endothelial cell marker) and WGA immunostaining. WGA binds to saccharides of cardiomyocyte membrane (29, 33) . Capillary density was quantified from at least five high-power fields (ϫ60) per slide, two slides per animal (3-4 animals per group). Sections were randomly selected, and the observers were blinded.
Reagents. Primary antibody used was anti-PECAM (CD31, Millipore, 1:200). Secondary antibody used was goat anti-rabbit-IgGAlexa Fluor 488 (1:1,000) for immunofluorescence. WGA Alexa Fluor 488 conjugate was purchased from Invitrogen. Masson trichrome staining was performed using trichrome stain (Masson) kit (Sigma-Aldrich).
Statistical analysis. One-way ANOVA tests were used to compare between groups using SPSS13.0 for Windows (SPSS, Chicago, IL). When significant differences were detected, individual mean values were compared by post hoc tests (Bonferroni) that allowed for multiple comparisons. P values Ͻ 0.05 were considered statistically significant. Values are expressed as means Ϯ SE.
RESULTS
Pregnancy-induced cardiac hypertrophy is reversed postpartum.
We assessed myocardial hypertrophy in the LP and postpartum stages. As expected, late pregnancy was associated with significant heart hypertrophy [heart weight (HW) in LP ϭ 147 Ϯ 2 mg vs. NP ϭ 114 Ϯ 4, P Ͻ 0.001, Fig. 1A ] that was reversed at PP7 (HW ϭ 117 Ϯ 8 mg, P Ͻ 0.05 vs. LP). Conversely, HW-to-BW ratio (HW/BW) was decreased in LP, despite the cardiac hypertrophy (HW/BW in LP ϭ 4.08 Ϯ 0.12 mg vs. 5.64 Ϯ 0.15 mg/g in NP, P Ͻ 0.001, Fig. 1C ). This decrease was due to the significantly elevated BW during late pregnancy (BW ϭ 36.3 Ϯ 0.89 g in LP vs. 20.61 Ϯ 0.83 g in NP, P Ͻ 0.001). The increase in BW was reversed at PP7 (26.00 Ϯ 1.77 g, P Ͻ 0.001 vs. LP, Fig. 1B) . The HW/BW was not completely reversed by PP7 [HW/BW ϭ 4.52 Ϯ 0.21 in PP7, P ϭ nonsignificant (NS) vs. LP, and P ϭ NS vs. NP, Fig. 1C] .
Pregnancy results in mild cardiac hemodynamic dysfunction that is restored postpartum. We monitored the cardiac hemodynamics in LP, as well as postpartum stages. LP was associated with modestly elevated LV pressure (119 Ϯ 5 mmHg in LP vs. 92 Ϯ 7 mmHg in NP, P Ͻ 0.05) that was restored at PP7 (95 Ϯ 8 mmHg, P Ͻ 0.001 vs. LP, Fig. 2A ). LP was also associated with increased LV contractility (dP/dt max ϭ 6,664 Ϯ 297 mmHg/s in LP vs. 4,294 Ϯ 568 mmHg/s in NP, P Ͻ 0.01) that was restored at PP7 (5,313 Ϯ 636 mmHg/s, P Ͻ 0.05 vs. LP, Fig. 2B ). Late pregnancy resulted in a mildly depressed LVEF (LP ϭ 58 Ϯ 1% vs. NP ϭ 70 Ϯ 4%, P Ͻ 0.001) that was restored as early as PP1 (77 Ϯ 2%, P Ͻ 0.001 vs. LP).
Pregnancy-induced cardiac hypertrophy is associated with increased angiogenesis that is reversed postpartum. We next examined the vascular status of the myocardium during pregnancy. Capillary density (capillaries/myocyte) was significantly increased in late pregnancy (density ϭ 0.95 Ϯ 0.01 in NP, 1.25 Ϯ 0.02 in LP, P Ͻ 0.001, Fig. 3 ) and was fully restored in PP7 (density ϭ 0.98 Ϯ 0.01 capillaries/myocyte, P Ͻ 0.001 vs. LP, Fig. 3) . Furthermore, VEGF, a well-established marker of angiogenesis, also showed elevated transcript levels in late pregnancy (1 Ϯ 0.1 in NP, 1.4 Ϯ 0.1 in LP, normalized to NP, P Ͻ 0.001, Fig. 3E ). VEGF transcripts were restored by PP7 (0.83 Ϯ 0.1 in PP7, P Ͻ 0.001 vs. NP, Fig. 3E) .
The pregnant heart does not undergo ECM remodeling. Fibrosis, a well-documented change that normally accompanies cardiac stress, was completely absent in the pregnant heart (Fig. 4A) . In addition, transcript levels of OPN, an ECM protein, were not significantly changed in late pregnancy compared with NP controls (1 Ϯ 0.10 in NP, 1.16 Ϯ 0.38 in LP, 1.05 Ϯ 0.15 in PP7, normalized to NP, all P ϭ NS, Fig. 4B ).
Transcript levels of ECM-degrading gelatinase enzyme MMP-2 were downregulated in late pregnancy and were restored at PP7 (1 Ϯ 0.01 in NP, 0.47 Ϯ 0.03 in LP, 0.70 Ϯ 0.1 in PP7, normalized to NP, all P Ͻ 0.001, Fig. 4C ). Similarly, transcript levels of disintegrin metalloproteinase ADAM-15 were significantly downregulated in LP hearts (1.00 Ϯ 0.07 in NP, 0.48 Ϯ 0.13 in LP, normalized to NP, P Ͻ 0.01, Fig. 4C ), as were transcripts of ADAM-17 (1.00 Ϯ 0.05 in NP, 0.54 Ϯ 0.2 in LP, normalized to NP, P Ͻ 0.05, Fig. 4D ). Their levels were restored 1 wk after delivery (1.45 Ϯ 0.13 for ADAM-15, 1.15 Ϯ 0.03 for ADAM-17, normalized to corresponding NP, all P Ͻ 0.05 vs. corresponding LP).
DISCUSSION
As the main findings of this study, we report that late pregnancy-induced physiological heart hypertrophy is associated with 1) transient increase in LV pressure, LV contractility, and decrease in LVEF; 2) increased cardiac angiogenesis; 3) absence of myocardial fibrosis and OPN accumulation in the ECM; and 4) decreased ECM-degrading enzymes such as MMP-2, ADAM-15, and ADAM-17. We observed that these changes were reversed postpartum. Based on these results, we speculate that physiological heart hypertrophy of pregnancy leaves minimal detrimental effects on the heart postpartum and is without cardiac ECM remodeling.
Cardiac hemodynamic changes in the LP heart. We observed a transient increase in LV pressure and contractility and a decrease in LVEF in the LP hearts. The mild increases in LV pressure and contractility were restored PP7, coinciding with the reversal of cardiac hypertrophy, suggesting that the transient increase in LV pressure and contractility may have resulted as an adaptive response for cardiac hypertrophy. The decrease in LVEF at very late stage of pregnancy is in accordance with our laboratory's previous study (8) and another recently published experimental study (6) . Pregnancy is known to be associated with increased volume overload and cardiac hypertrophy that may have led to the transient cardiac dysfunction late in pregnancy. Diastolic dysfunction of the heart generally results from increased myocardial fibrosis (5) . We investigated the ECM of the hearts in this study, but did not find any increase in myocardial fibrosis in the LP heart. In addition, we did not find a reexpression of cardiac fetal gene OPN in the myocardium. The fact that the ejection fraction was restored as early as day 1 postpartum suggests that the transient mild decrease in ejection fraction in LP was not due to any major structural changes in the myocardium, as proven by the lack of ECM remodeling in LP hearts.
Increased angiogenesis in the LP heart. Hypertrophic conditions in the heart lead to increased myocardial angiogenesis (11) . A hallmark of the progression from compensated hypertrophy to decompensated heart failure is a decrease in angiogenesis (15) . We report significantly increased capillary density and upregulation of VEGF in the LP heart, indicative of increased neoangiogenesis. Physiologically, cardiac angiogenesis is stimulated to meet the demands for increased cardiac output and blood volume during pregnancy. The increase in myocardial blood vessels could be a result of the increased demand for oxygen and nutrients of cardiomyocytes, which follows from the physiological hypertrophic state of the heart. Furthermore, pregnancy is associated with elevated estrogen levels, which could also have a proangiogenic effect (14) . Ultimately, we see the capillary density and VEGF transcript levels return to NP levels, but this is coupled with a reversal of cardiac hypertrophy. By contrast, the progression to decompensated heart failure shows decreased angiogenesis, but maintenance of pathological hypertrophy (15) . The coordination of these two events is a possible reason the pregnant heart regresses to a healthy state rather than progressing to failure. Absence of myocardial fibrosis and OPN expression in the ECM in the LP hearts. Fibrosis normally accompanies the inflammatory response during cardiac stress and inhibits contractile function and electrical signal conduction in the heart (3). However, recent reports indicate that the pregnant heart is protected from cardiac fibrosis (1, 16) . We also found no fibrosis in the LP heart. Pedram et al. (20) recently showed that estrogen protects against and reverses cardiac fibrosis through estrogen receptor-␤. Again, the high levels of estrogen during pregnancy shed some insight onto one possible mechanism for the protection against fibrosis afforded to the pregnant heart.
Generally cardiac hypertrophy is also associated with a reexpression and accumulation of the fetal gene program, consisting of numerous ECM proteins, such as OPN (13) . OPN is expressed in the developing heart, but is mostly absent in a healthy adult heart (27) . OPN is known to reactivate in the heart in response to cardiac stress (32, 34) . OPN also plays a role in the inflammatory response in the heart, although its exact role in inflammation is still not fully understood (22) . We did not find a significant change in the expression of OPN in the LP hearts, indicating a lack of matricellular fetal gene reactivation, a tenet of ECM remodeling.
Decreased expression of ECM-degrading enzymes in the LP hearts. Among the ECM-associated proteins, MMPs and ADAMs have been well documented for their direct role in causing adverse remodeling associated with heart failure (2-4). Degradation of the cardiac ECM leads to a loss in contractility, a phenomenon known as myocyte slippage (21) . Gelatinase MMP-2, in particular, is one of the best characterized metalloproteinases responsible for this progression to heart failure (23). Although there was significant myocardial hypertrophy in the LP heart, surprisingly there was a decrease in the expression of ECM-degrading enzyme MMP-2.
We also explored two members of the ADAM family, ADAM-15 and ADAM-17. The ADAM family, like the related MMP family, is responsible for breaking down ECM-anchor- ing proteins, but, in addition to the metalloproteinase function, ADAMs also have a disintegrin domain (3) . Integrins play a role in ECM interactions between cardiac myocytes and fibroblasts and also provide overall structural integrity and mediate cell-cell communication in the heart (3). Among their many functions, integrins mediate cardio-protective signaling in the failing heart (24 -26) . ADAM-15 and ADAM-17 are emerging as two of the most important ADAMs present in the heart during LV dysfunction, as not all ADAMs show altered regulation during cardiac stress (10, 18, 30) . Again, we observe a decrease in expression of these ADAMs during late pregnancy, which is restored postpartum. The downregulation of these three matrix-degrading enzymes, which are critical to the progression of heart failure, seems to indicate that the pregnant heart is partially protected from adverse cardiac ECM remodeling. Since estrogen is known to suppress the activity of ECM-degrading metalloproteinases (19) , the decreased expression of these enzymes could well be due to the increased levels of estrogen at the LP stage. The hormonal regulation of metalloproteinases sheds some insight onto the possible mechanisms of this protection from adverse remodeling. Experimental volume-overloaded hearts result in elevated metalloproteinase activity, further indicating a fundamental difference between pathological volume overload and pregnancy (17, 28) . This decrease in these ECMdegrading enzymes, coupled with an absence of myocardial fibrosis and a lack of OPN reexpression, could play a role in the lack of transition from compensated hypertrophy to heart failure.
Conclusions. The LP heart shows signs of significant hypertrophy, along with mild hemodynamic dysfunction. During late pregnancy, the heart also shows increased angiogenesis and seems to be protected from adverse cardiac ECM remodeling, including absence of cardiac fibrosis and downregulation of ECM-degrading enzymes. The high levels of estrogen during late pregnancy could play a role in creating this unique molecular signature. The hypertrophy and dysfunction of the pregnant heart is rapidly reversed postpartum, and matrixdegrading enzymes are restored to NP levels.
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